Backgrounds: There have been neither appropriate guidelines nor clinical studies about the use of antithrombotics after hemorrhagic transformation (HT). We sought to find whether the use of antithrombotics after hemorrhagic infarction might be associated with aggravation of HT and neurological deterioration.
Introduction
Hemorrhagic transformation (HT) is an important complication of ischemic stroke. In particular, HT might be one of the most problematic complications after thrombolysis. However, the clinical implications of HT are still unclear, and recent studies have shown that asymptomatic HT could be associated with poor outcomes [1, 2] .
There have been neither appropriate guidelines nor clinical studies about the use of antithrombotics after HT. The American Heart Association/American Stroke Association's most recent guidelines suggest that HT within an ischemic stroke can be thought to have a different course and natural history from intracerebral hemorrhage (ICH) [3] . Therefore, the guidelines recommended that patients with cardioembolic stroke and hemorrhagic infarction continue anticoagulation treatment (Class IIb; Level of evidence C) [3] . However, many clinicians may still be reluctant to continue anticoagulation after HT.
There have been few studies on whether the use of antithrombotics after HT might enlarge hemorrhage in terms of size and extent, or aggravate clinical symptoms. A case series has shown that anticoagulation treatment after hemorrhagic infarction might be compatible with a stable clinical state and resolution of blood on follow-up imaging [4] . However, this should be cautiously interpreted due to the lack of large case series.
Therefore, we sought to investigate whether the use of antithrombotics after hemorrhagic infarction might be associated with aggravation of HT and neurological deterioration in acute ischemic stroke.
Materials and Methods

Subjects
This retrospective study included prospectively registered patients with acute ischemic stroke and HT in our tertiary stroke center who were admitted between August 2010 and March 2012. The patients complied from our stroke imaging protocol had ischemic lesions on diffusion-weighted imaging (DWI) and HT on brain images taken during admission. We excluded patients with (1) early loss of follow-up, including early death; (2) malignant infarction involving over two third of MCA territories; (3) bleeding complications such as hematuria; (4) history of recent bleeding or hemorrhagic disorders; and (4) brain surgery, such as decompression craniectomy.
Ethics Statement
This study was approved by the Institutional Review Board (IRB) of Chonnam National University Hospital. Written informed consent was not obtained from participants because of the retrospective design of this study; therefore, the IRB of the hospital waived the need for written informed consent from participants.
Demographic factors
Demographic and clinical data were collected from the prospective stroke registry. The following stroke risk factors were identified: age, sex, current cigarette smoking (cigarette smoking within the last 5 years), hypertension, diabetes mellitus, dyslipidemia, atrial fibrillation, and previous histories of stroke or transient ischemic attack. Baseline data collected from all patients included the National Institutes of Health Stroke Scales (NIHSS) scores and onset-to-visit times.
Imaging protocol
According to our stroke imaging protocol, patients underwent emergency MRI immediately after admission. The MRI protocol consisted of DWI, fluid-attenuated inversion recovery (FLAIR), gradient echo (GRE) imaging, and time-of-flight MR angiography (MRA) in sequence. Routine follow-up imaging was performed twice at 3 (612 hours) and 5 (612 hours) days (computed tomography [CT] angiography and DWI/GRE, respectively) after initial MRI. In addition, DWI/GRE was also performed if neurologic deterioration occurred. Another imaging protocol for thrombolysis included the following procedures: emergency CT, brain MRI immediately after intra-venous thrombolysis, follow-up DWI/GRE at 24 hours after thrombolysis and then routine follow-up protocol. In patients with hemorrhage, follow-up imaging studies were performed to examine the changes (resolution or aggravation) of the hemorrhage 3-5 days after HT detection.
Image analysis
HT cases were categorized as hemorrhagic infarcts (type 1 or 2) or parenchymal hematomas (type 1 or 2) according to the modified definitions established by a previous study [5] . We used GRE imaging for categorization of HT ( Figure S1 ). A hemorrhagic infarct was defined as a petechial hemorrhage within the infarction area but with no space-occupying effect, while a parenchymal hemorrhage was defined as blood clots with the space-occupying effect. Aggravation of HT was defined as either enlargement of the original HT or newly developed HT within the infarcted area by visual analysis.
Clinical analysis
We assessed neurological statuses at admission and on each hospital day by using NIHSS scores. Although this study was retrospective, neurological deterioration was carefully assessed by frequent neurological examinations. Neurological deterioration (ND) after HT was defined as any neurological deterioration considered to be caused by aggravation of HT during admission periods. In addition, we assessed composite outcomes including neurological deterioration, vascular events, and death at 1 month (67 days) after HT. ND was differently defined from early neurological deterioration in this study (END, END was usually defined as an increase in NIHSS scores by 2 or more points or the development of new neurological symptoms within 5 days of admission).
The timing of the use of antithrombotics was identified to investigate whether antithrombotics might be associated with aggravation of HT. In cases treated with thrombolysis, antithrombotics should be started 24 hours after thrombolysis, based on follow-up imaging results. Aspirin was used for antiplatelets (100 to 300 mg at physicians' discretion) and only warfarin (initially with bridging medication of aspirin) for anticoagulation. We also investigated antithrombotics both at discharge and at a follow-up of 1 month. We analyzed relationships between antithrombotics during admission and aggravation of HT/ND after HT in patients with hemorrhagic infarction. In addition, we analyzed relationships between antithrombotics after discharge and composite outcomes within 1month after HT.
Statistical analysis
Data are presented as mean 6 SD or the frequency of categorical variables. Categorical variables were analyzed using the x2 test and Fisher's exact test when appropriate. Continuous variables were analyzed using the independent sample t test or the Mann-Whitney U test when appropriate. We compared the frequency of HT, ND after HT, and composite outcomes within 1 month after HT between users and non-users of antithrombotics after HT in patients with hemorrhagic infarction. In order to evaluate the use of antithrombotics as a predictor of various types of outcomes (aggravation of HT), the use of antithrombotics was adjusted by age, NIHSS scores, and thrombolysis, in 150 patients with hemorrhagic infarction (model 1 by age and initial NIHSS, and model 2 by age, initial NIHSS, and thrombolysis). Odds ratios (ORs) and 95% confidence intervals (CIs) were calculated. A p value of ,0.05 was considered statistically significant. All statistical analyses were performed using SPSS for Windows version 17 (SPSS Inc, Chicago, IL, USA).
Results
General characteristics of subjects
A total of 311 patients with HT within the infarcted area were screened during the study period. Of these patients, 89 were excluded: 56 were excluded due to malignant infarction. 29 were excluded due to loss of follow-up imaging studies (by early death or early loss of follow-up), and 4 were excluded due to surgeries, such as decompression craniectomy and hematoma removal. Ultimately, 222 patients (143 men; mean age, 70.45611.42 years) were analyzed. Thrombolysis was performed on 104 of the 222 patients. One-hundred and thirty-four patients had atrial fibrillation.
Twenty-four (10.8%) patients had HT within the infarct area on initial MRI. The mean time between HT onset and hospital visit time was more delayed in patients with HT on initial MRI than in those without (1024.70 min vs 391.79 min, p,0.001) (Table S1 ).
Of the patients with HT on the initial imaging, 6 patients showed aggravation of HT, but none showed ND after HT.
Overall, patients with parenchymal hemorrhage (n = 72) had higher NIHSS scores than those with hemorrhagic infarction (n = 150) (11.0 vs 13.0, p = 0.002). Thrombolysis and END were more frequent in patients with parenchymal hemorrhage than in those with hemorrhagic infarction (Table 1) .
Use of anti-thrombotics in patients with hemorrhagic infarction
Of the 150 patients with hemorrhagic infarction, 75 (50.0%) were of type 1. The characteristics of these 150 patients are shown in Table 1 . Aggravation of HT (n = 15) was more frequently observed in type 2 than in type 1 (11 vs 5, p = 0.185), but the frequency of ND after HT was not significantly different between types 1 and 2 (4 vs 2, p = 0.681). Furthermore, ND after HT was not related to aggravation of HT (2 of 6). In the use of antithrombotics, the number of patients treated with 'no antithrombotics' were more frequent in type 2 than in type 1 and the number of patients treated with 'warfarin' were less frequent in type 2 than in type 1 (p for trends = 0.001). Changes in the use of antithrombotics after HT are shown in Figure S2 and S3. The use of warfarin after hemorrhagic infarction was more reduced in type 2 than in type 1. The use of antiplatelets was also more reduced after detection of type 2 ( Figure S3 ) than in type 1 of hemorrhagic infarction. In addition, of the 93 patients with cardioembolism and hemorrhagic infarction, only 28 (30.1%) continued to use warfarin after hemorrhagic infarction. The use of antiplatelets was also reduced from 86.0% to 73.7% in patients with non-cardioembolism. At discharge, the use of antithrombotics was as follows: no antithrombotics in 27 patients (18.0%), antiplatelets in 89 patients (59.3%), and warfarin in 34 patients (22.7%) ( Figure S2 ). The use of antithrombotics at discharge was maintained over the first month of follow-up.
Aggravation of HT/ND after HT/composite outcomes at 1month and the use of antithrombotics in hemorrhagic infarction
The use of warfarin after detection of hemorrhagic infarction more frequently increased aggravation of HT than did the use of antiplatelets (4 of 24 vs 3 of 69; p = 0.094), but neither warfarin nor antiplatelets caused more HT than no medication (Figure 1-A) . In addition, the use of antithrombotics after hemorrhagic infarction was not significantly associated with ND after HT (Figure 1-B) . Aggravation of HT was related to ND after HT in only 2 of the 16 patients (p = 0.124) and was not related to transition to parenchymal hemorrhage from hemorrhagic infarction. Multivariate logistic regression analysis revealed that the use of antiplatelets after hemorrhagic infarction was negatively associated with aggravation of HT (Model 2: OR 0.153; 95% CI 0.036-0.657, p = 0.012), whereas the use of warfarin was not (Table 2) . Furthermore, the use of antithrombotics (warfarin and antiplatelets) after hemorrhagic infarction was not associated with ND after HT ( Table 3 ).
The frequency of composite events at 1months was significantly lower in patients treated with antithrombotics than those treated without (1.6% vs 11.1%, p = 0.041). In addition, by multivariate logistic regression, composite events at 1 month after HT were significantly associated with the use of antithrombotics after discharge (Model 1: OR 0.132; 95% CI 0.020-0.893; p = 0.038) ( Table 4 ). 
Aggravation of HT and the use of antithrombotics based on clinical situation in patients with hemorrhagic infarction
In patients treated with thrombolysis (n = 106), HT was mostly observed on 24-h GRE images obtained after thrombolysis (n = 96, 90.6%). Of the 106 thrombolysed patients, 61 developed hemorrhagic infarction. Of these 61 patients, 3 (9.4%) with type 2 hemorrhagic infarction developed ND after HT. There were no significant differences in aggravation of HT between types 1 and 2 (n = 3, 10.3% vs n = 4, 12.5%). After thrombolysis, 19 patients (31.1%) used no antithrombotics, 32 patients (52.5%) used antiplatelets, and 10 patients (16.4%) used warfarin, while after detection of hemorrhagic infarction, 1 user of warfarin and 6 users of antiplatelets stopped the use of antithrombotics. Aggravation of HT after the first use of antithrombotics was detected in 4 antiplatelet users, 2 warfarin users, and 1 patient who was not treated with antithrombotics (12.5% vs 20.0% vs 5.3%), without statistical significance. Therefore, the frequencies of aggravation HT after hemorrhagic infarction were 15.4% (4/26), 11.5% (3/ 26), and 0% (0/9) in non-users of antithrombotic, antiplatelet, or warfarin after HT, respectively (p for trends = 0.246), with no statistical significance (Table 5) .
Eighty-nine of the 116 patients who did not undergo thrombolysis showed hemorrhagic infarction; only 33 patients (39.3%) showed hemorrhagic infarction on follow-up imaging within 2 days of initial MRI and the rest on follow-up imaging 3 days after initial MRI. Aggravation of HT was observed in 2 (4.3%) of the 46 patients with type 1 hemorrhagic infarction and 7 (16.3%) of the 43 patients with type 2 hemorrhagic infarction (p = 0.083). ND after HT was observed in 3 patients (2 patients in types 1 and 1 patient in type 2) ( Table 5 ). Four (13.8%) of the 29 patients who used warfarin before HT showed aggravation of HT, all of whom continued to use warfarin after HT. However, ND after HT did not correlate with aggravation of HT (p = 0.277).
Discussion
Our study showed that although physicians may be reluctant to use antithrombotics after HT, even after hemorrhagic infarction, the use of antithrombotics after hemorrhagic infarction was not associated with ND after HT or aggravation of HT. In addition, although aggravation of HT was more frequently observed in patients with type 2 of hemorrhagic infarction than in those with type 1, the use of antithrombotics after hemorrhagic infarction was not associated with ND after HT or significant deleterious changes in the hemorrhagic infarction. Therefore, our study suggested that the use of antithrombotics after hemorrhagic infarction might be reasonable for prevention of subsequent ischemic stroke. However, because this was a retrospective study, further studies with a prospective design are needed to confirm our results.
In our study, about 66% of all patients used antithrombotics after hemorrhagic infarction, but only 30% of patients who required warfarin used warfarin after hemorrhagic infarction. The use of antiplatelets was reduced to about 73% in patients who had hemorrhagic infarction and non-cardioembolic stroke. Physicians were also reluctant to use antiplatelets after hemorrhagic infarction. Recent guidelines from the American Heart Association/American Stroke Association recommended that patients who need warfarin should continue to receive warfarin treatment regardless of hemorrhagic infarction (Class IIb; Level of evidence C) [3] . However, there is still a lack of evidence for this because only small case series have been conducted so far [4] . Our study, albeit a single-center retrospective study, demonstrates important factors physicians should consider when they detect HT in patients with acute ischemic stroke and the value of weighing the harms over the benefits of antithrombotics after HT.
Although the use of antiplatelets after HT has not been recommended in any trials, antiplatelet therapy should ideally be initiated within 24 to 48 hours of stroke onset [6] . Because patients with acute ischemic stroke do not generally receive follow-up imaging, asymptomatic HT may not easily be detected in actual practice. However, we were readily able to find asymptomatic HT Table 3 . The associations between use of antithrombotics with ND after HT by multivariate logistic regression analysis in patients with hemorrhagic infarction (N = 150). by routine repetitive follow-up imaging studies in acute clinical setting. Our study showed that the acute use of antiplatelets after hemorrhagic infarction may be relatively safe. ND after HT was uncommon in the use of antithrombotics after hemorrhagic infarction. These results suggest that there may be no firm basis for physicians to reject to use antithrombotics after hemorrhagic infarction. Asymptomatic HT is mainly considered to be an epiphenomenon of reperfusion into ischemic tissue without any clinical impact [7, 8] . Only parenchymal hemorrhage (type 2) significantly increased the risk of early clinical deterioration and worse outcomes. Other types of HT, such as types 1 and 2 of hemorrhagic infarction, were not associated with deterioration after HT [9, 10] . However, early anticoagulation after ischemic stroke could increase the risk of HT and is not recommended in the very early stage after ischemic stroke for patients with moderate to severe strokes [6] . Therefore, our results suggest that the cautious use of antithrombotics (continuation or temporarily discontinuation of the antithrombotics), was not related to the aggravation of HT and ND after HT even when hemorrhagic infarction is present on follow-up imaging. Discontinuing or continuing antithrombotics for a few days followed by repeat imaging to evaluate the stability of hemorrhagic infarction may then allow for the safe continuation of treatment. In our study, only 30% of patients with hemorrhagic infarction continue to use warfarin in acute ischemic stroke. The use of antithrombotics after hemorrhagic infarction can be supported by previous studies and ours.
We assessed the influence of the use of antithrombotics on composite events over early periods of follow-up. Even without aggravation of HT on follow-up imaging, 18% of patients did not use antithrombotics at the time of discharge. This may be due to higher risk of events in patients treated with no antithrombotics than in those treated with antithrombotics in the early periods. Although the use of antithrombotics after HT may raise concern about aggravation of HT, the risk of events may increase in patients treated without antithrombotics after HT. Therefore, the results of our study suggest that meticulous care may be needed over early periods after HT.
The results of this study are subject to some limitations. First, being a single-center, retrospective study that evaluated consecutive patients with HT according to our stroke protocol, further studies with a prospective design are needed to confirm our results. In particular, we could not confirm the efficacy of antithrombotics in patients with hemorrhagic infarction because they were neither randomly selected nor blinded to antithrombotics. However, in order to minimize a selection bias, we only analyzed patients with hemorrhagic infarction. In addition, since the number of warfarin Table 4 . The associations between use of antithrombotics with composite outcomes at 1 month by multivariate logistic regression analysis in patients with hemorrhagic infarction (N = 150). Table 5 . Types of hemorrhagic infarction based on thrombolysis and clinical and imaging changes associated with use of antithrombotics. users after hemorrhagic infarction was small, relationships between the use of warfarin after hemorrhagic infarction and aggravation of HT/ND after HT need to be further investigated through prospective studies. Furthermore, the effects of antithrombotic agents, either antiplatelet or anticoagulant, need at least 3 to 5 days to reach the optimal level, if not given loading dose initially. In our study, MR images were followed at 3-5 days after HT detection which may not be adequate time window to evaluate the drug effect on hematoma aggravation or other possible complications. We evaluated composite events at 1month after HT in order to overcome this limitation. Factors related to HT have been shown to be various clinical conditions, such as chronic kidney disease, high blood pressure, and infarct size. However, because we included only patients with HT in acute ischemic stroke in this study, these factors were excluded from the study. Finally, we excluded patients with malignant infarction over two-thirds of hemisphere. The risk of HT might be high in these patients. However, we considered that malignant infarction per se affect the safety and ND and thus should be excluded in this study.
In conclusion, the results of this study suggest that antithrombotics can safely be used after hemorrhagic infarction and may not be associated with ND after HT and aggravation of HT. However, many physicians are still reluctant to use antithrombotics when HT is detected by imaging, even in hemorrhagic infarction. Further studies are needed to confirm our results. Table S1 Characteristics of subjects with hemorrhagic transformation on initial imaging. (DOCX) Figure S1 Types of hemorrhagic transformation according to the gradient echo imaging, modified by ECASS definition. A) Hemorrhagic infarction type 1. There are small petechiae along the margin of the infarct. B) Hemorrhagic infarction type 2. There are confluent petechiae within the infarcted area, but without space-occupying effect. C) Parenchymal hemorrhage type 1. There is a hematoma in 30% or less of infarcted area with some slight space-occupying effect. D) Parenchymal hematoma type 2. There is a dense hematoma over 30% of infarcted area with substantial space occupying effect, or as any hemorrhagic lesion outside infarcted area. (TIF) Figure S2 Changes in the use of anti-thrombotics before and after hemorrhagic infarction and at a follow-up of 1 month in patients with hemorrhagic infarction. 
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